A two-Hilbert space formalism is first used to develop a general class of representations for the quantum mechanics of N-particle reactive systems. Here the N-particle Hilbert space HN is supplemented by a larger arrangement channel space CN of vectors with Hilbert space valued components for each N-particle clustering, and an injection mapping of HN vectors into ''physical'' CNvectors. Such representations, for which components of the latter vectors carry an appropriate physical clustering interpretation, provide a rigorous and flexible basis for describing the statistical mechanics of reactive fluids, where atoms and molecules are treated on an equal footing (the molecular picture). Corresponding equilibrium multispecies fugacity or virial expansions follow immediately. Here we focus on analysis of the (previously derived) arrangement channel BBGKY hierarchy for a system where recombination and dissociation,as well as exchange reactions, occur. This formulation (coupled with a corresponding scattering theory) automatically suggests a reactive Boltzmannansatz which incorporates (standard) noninteracting asymptotic dynamics onlyfor two-molecule nonreactive and reactive exchange collisions. In contrast, e.g., with three molecule recombination, two-molecule dynamics for all three pairs is included (as required for a description of recombination via gradual stabilization of metastables). Finally we compare the resulting reduced form of appropriate channel space hierarchy equations, for a process involving dimer formation and decay, with the corresponding kinetic equations of Lowry and Snider. (Received 27 February 1986; accepted 11 August 1986) A two-Hilbert space formalism is first used to develop a general class of representations for the quantum mechanics of N-particle reactive systems. Here the N-particle Hilbert space ~N is supplemented by a larger arrangement channel space 'if' N of vectors with Hilbert space valued components for each N-particle clustering, and an injection mapping of ~N vectors into "physical" 'if' N vectors. Such representations, for which components of the latter vectors carry an appropriate physical clustering interpretation, provide a rigorous and flexible basis for describing the statistical mechanics of reactive fluids, where atoms and molecules are treated on an equal footing (the molecular picture). Corresponding equilibrium multispecies fugacity or virial expansions follow immediately. Here we focus on analysis of the (previously derived) arrangement channel BBGKY hierarchy for a system where recombination and dissociation, as well as exchange reactions, occur. This formulation (coupled with a corresponding scattering theory) automatically suggests a reactive Boltzmann ansatz which incorporates (standard) noninteracting asymptotic dynamics only for two-molecule nonreactive and reactive exchange collisions. In contrast, e.g., with three molecule recombination, twomolecule dynamics for all three pairs is included (as required for a description of recombination via gradual stabilization of meta stables). Finally we compare the resulting reduced form of appropriate channel space hierarchy equations, for a process involving dimer formation and decay, with the corresponding kinetic equations of Lowry and Snider.
I. INTRODUCTION
The quantum statistical mechanics of reactive fluids can be formulated using either an atomic (physical) picture, couched in terms of only a single atomic fugacity or density, and "standard" atomic reduced density matrices, or a molecular (chemical) picture, where versions of these quantities for both atomic and molecular species appear and are treated on an equal footing.
1 Part of the difficulty and, at the same time, advantage of the latter comes from the flexibility associated with the definition of chemical composition (or of an atom or molecule) in a many-body system. The molecular picture is expected to be preferable for describing systems where molecular species are present in significant concentra· tions.
Osborn and Tsang 2 have reviewed the standard (atomic picture) single fugacity and single density virial expansions for reactive systems in equilibrium. Expressing cluster coefficients in terms of time-delay quantities affords a characterization for contributions from true bound states and various molecular scattering processes. The corresponding nonequilibrium quantum development was given by McLennan 3 who analyzed the collision operators appearing in the Green-Kubo formulas (which, from linear response theory, generate transport coefficients). Hill's general development of (molecular picture) eqUilibrium multispecies fugacity and virial expansions 4 emphasized the flexibility in the underlying decomposition of partition functions into contributions from different chemical compositions. that all reasonable choices must produce similar estimates of partial densities, and converge in regimes where the chemical composition is well defined (e.g., strong-binding interactions). Explicit quantum equilibrium multi-species fugacity and virial expansions have been presented by Osborn 5 for a specific decomposition based on the "asymptotic completeness" property of scattering and bound state wave function projectors. Resulting cluster coefficients have a concise multichannel time-delay operator form. In deriving coupled reactive quantum kinetic equations for various molecular species (singlet) reduced density matrices,6-1O one must decompose the atomic density matrices into components for different chemical compositions. Here the difficulty and nonuniqueness of this task (as with any molecular picture formulation) has been associated with the nonorthogonality of the corresponding bound state projectors. 8 Since these (molecular picture) reactive quantum kinetic theories are the focus of this contribution, some further comment on previous work is appropriate here. Lowry and Snider 8 argue that the above-mentioned nonorthogonality problems can be ignored in the low density Boltzmann regime. Decomposing the atomic reduced density matrices into chemical components (guided by the noninteracting gas result), and applying a corresponding reactive Boltzmann factorization ansatz, they produce the expected form of kinetic equation collision terms for binary exchange collisions. Recombination and dissociation contributions are also generated in this fashion, a topic to which we return shortly. A more complete systematic decomposition of the atomic reduced density matrices (for arbitrary densities) has been developed recently by McLennan, 9 and independently by Klimontovich et al.1O The orthogonal projectors associated with asymptotic completeness, familiar from Osborn's equilibrium theory, are utilized here (and they have played a similar role in earlier work 6 ). This procedure naturally lends itself to modification of the nonreactive Bogoliubov factorization ansatz to account for the presence of molecular bound states. Closed kinetic equations immediately follow.
We now mention some limitations of these developments, particularly where metastable species (or ill-defined chemical composition) playa significant role. Snider and Lowry8 apply their theory to analyze three-atom recombination rates in dimer formation and decay. However they require a rather strong form of the Boltzmann factorization ansatz, and their formal decomposition ofthe recombination superoperator ll into contributions from deexcitation ofvarious metastables, (12)* + 3, (13)* + 2, (23)* + 1, does not seem based on relevant time-delay ideas (cf. Ref. 12) . The decomposition of atomic reduced density matrices in the kinetic theory of McLennan et al. 9 .10 (which coincides with Osborn's in equilibrium 13) does not identify metastable (e.g., virtual or anti-bound, and resonance) states (with, e.g., lifetimes longer than the mean free time) as corresponding molecular species, but rather as two (or more) free molecules (resulting in poor virial expansion convergence in equilibrium 14). Furthermore, their modified Bogoliubov ansatz is not suited to the description of recombination via gradual stabilization of metastables (since such collisions would be grouped with "direct" collisions of the stable molecular components). A more detailed discussion of some of these points, and a review of previous work, can be found in Ref. 16 This necessitated the extension of (existing) reactive scattering theory for (physical) channel space vectors to handle the corresponding dual vectors (which are not trivially related), and thus the density matrices, p.17
In this contribution, we first develop a two-Hilbert space formulation of arrangement channel space representations sufficiently general to appropriately describe the statistical mechanics of reactive fluids incorporating dissociation and recombination, as well as exchange reactions. These representations must exhibit a "physical clustering" interpretational property on the channel space density matrix components. We also comment on the molecular picture equilibrium theory naturally associated with these channel space representations. Next we review the derivation of the arrangement channel BBGKY hierarchy, making some new observations specific to the two-Hilbert space formulation, and to recombinative and dissociative collisions. We also demonstrate compatability of the hierarchy with mass conservation. A modified form of channel space scattering theory, utilizing residual Hamiltonians which naturally appear in the hierarchy, is then developed and used to "reduce" the single species rate equations (from the hierarchy) for system with exchange, dissociation, and recombination reactions. The channel space formalism naturally suggests a reactive Boltzmann ansatz which, for dissociation and recombination collisions, is weaker but physically more reasonable than a conventional factorization ansatz. Finally a detailed comparison is made with the kinetic equations of Lowry and Snider 8 for dimer formation and decay.
II. A GENERAL TWO-HILBERT SPACE FORMULATION OF ARRANGEMENT CHANNEL REPRESENTATIONS OF QUANTUM MECHANICS
As above, let £' N denote the N-particle / ' / = 1 and / / ' = P,
where 1 is the identity on £', and P is the projection operator onto the physical subspace 9 associated with the decomposition C{f = 9 EB Y (see One straightforward consequence of this structure is that for any complete orthonormal set, {Ilfi)}' in K, one can construct a normalized biorthogonal system, {11\Ii) A complete biorthogonal set of physical eigenvectors and duals can be obtained for the (scalar spectral 20 ) "physical part",fH/', ofH, on 9, by applyingf and/', totheH eigenvectors and duals, respectively (thus preserving the energy eigenvalues). Other channel space observables, G, are related to the corresponding Hilbert space operators, G, in the same way as for the above Hamiltonian example (and thus G is also scalar spectral on f!)J). Finally we note here that H is the generator of time-evolution in the channel space representation of quantum mechanics. To see this, one simply applies / to the time-dependent Schrodinger equation for some H-evolved vector 11f) = /11f), the equation
at (setting Ii = 1 here, and in all following equations).
The channel space density matrix p is related to the cor- reactive channels (which does not cause problems for equilibrium theory, as opposed to the kinetic theory23). Consequently some further development is required.
Description of the explicit construction chosen for f and f' is relegated to Appendix B, since the details are not essential for the following discussion. However, here we re-mark that for the single cluster channel, (A), we always choose /(A) = /(A) = P(A) , and
which guarantees dynamical disconnectivity (block diagonality) of H with respect to the single cluster channel (we assume no external potentials). Note that at the two body level, since P(';)(2) = I -P(12)' one has
(2.8)
To see how a "molecular picture" of equilibrium theory is generated by the two-Hilbert space formulation, we first indicate the basis of a quantum version of Hill's general development of multispecies fugacity and virial expansions. For a system with a single species of distinguishable atoms, these are completely determined by a decomposition of the N-particle partition functions, . This formulation should be compared with Osborn's5 which corresponds to the special choice of / A = P S;, and / ~ = P S; or a projector onto a larger subspace, for each A. There is always agreement at the one-, and two-body levels
but differences occur at the three-, and higher-body levels {Q [(12)(3)] = Tr [(1 -P(123) )P(12) e -f3 H (123)] for / / / ' construction of Appendix B, which differs from Osborn's form, Tr[ P(';2)(3) e-f3H (123) ]}. The flexibility implicit in Eq. (2,9) will be important for the treatment of metastables.13
III. THE ARRANGEMENT CHANNEL SPACE BBGKY HIERARCHY
Consider the statistical mechanics of reactive fluids with a single species of N -10 23 distinguishable atoms. After prescribing two-Hilbert space injection operations / Nand /~, the system can be described in the channel space picture by the density matrix, PN' which is evolved by the channel space Hamiltonian, H N . Direct analysis of PN is intractible and, in any case, unnecessary since we are primarily interested in the evolution and equilibration (in time and space) of such quantities as species densities and reduced density matrices (PN contains much more information).
The channel space formulation provides a natural and relatively unambiguous way to define the reduced (fewbody channel space) density matrices of interest. The derivation of corresponding hierarchial evolution equations is analogous to that of the standard BBGKY hierarchy, but combinatorially more complicated because of the additional channel space structure. 15 A brief review is given here to introduce concepts utilized later, and to make some new observations specific to the two-Hilbert space formulation (pertaining to convergence, and reduction to the nonreactive form), and specific to the combinatorics associated with dissociative and recombinative collisions. A proof ofhierarchy compatibility with mass conservation is also provided. The following notation is required: let J, K be subsets of the N particles; let A, B denote unlabeled ordered subchannels; and A J , BK labeled subchannels, e.g., J = 37,53,94, A = (1,3) (2) To develop a (reduced) description of the system in terms of the p(12" 'n), it is appropriate to introduce reduced channel space observables, G ( 12' .. n), associated with all nobody observables, G(12" 'n), of interest (for 1..;; n ..;;N). Then to calculate the expectation value of G N in terms of the P ( 12' .. n) rather than P N' one introduces the residual operators, 9 ( 12' .. n), corresponding to the G( 12" 'n), such that
Explicitly, the components ofg are given byl5
where l;k represents a sum over appropriate ordering labels of A, B, and the cluster numbers clearly satisfy the relation mA -me =m B -m D • Convergence of this reduced description, and specifical-ly Eq. (3.1), is predicated on: (i) suitable choice of /"" , /" ~ and GS, which detennine G (i.e., the fonner should exhibit an interpretation property, and compatibility between choices for different n); (ii) the consequent clustering properties of the components ofg, implicit in Eq. (3.2); (iii) the interpretational properties of components of p. For a simple example, consider the nonreactive regime where the only nonzero components of channel space vectors and matrices are associated with the complete breakup channel 
where the streaming tenn on the left-hand-side is written explicitly and the coupling/collision tenns CT 1,2 describe coupling of particles 12"'n to the rest of the fluid. One can express CT 1 in commutator fonn 15 Several comments should be made here. The p ( 12· .. n) do not depend on /" n' f~ (being completely detennined by PN' and thus by HN and the initial conditions), and thus do not satisfy p( 12" 'n) = fnPnf~, for some Pn' Coupling from hierarchial collision tenns drives p( 12·· 'n) out of the f nPnf~ subalgebra (so streaming evolution is affected by the choice of HS ). These considerations motivate our choice of KA as K n , for each A, rather than a smaller space (see Sec. II). Convergence of collision tenns utilizes cluster properties of h, and interpretation properties of the p [as for Eq. (3.1) ]. In the nonreactive regime, Eq. (3.3) and (3.4) reduce to the standard BBGKY hierarchy with collision tenns involving [thecommutatorofp(12"'m) with] the true mbody potentials h [( 1) (2)'" (m)], the cluster property of h guaranteeing convergence. We note the significantJlexibility in the choice of H(12" 'n) (subject to convergence constraints), forfixed p( 12" 'n), differences in streaming contributions being compensated for by corresponding differences in collision tenns. More restrictive flexibility is also present in the nonreactive hierarchy but not typically exploited. 24
For Turning to mass conservation, we note that the total mass is given by
The time evolution of this quantity can be simply obtained from Eq. (3.5). Here we need the obvious result that 8) as required. Here A2+ denotes the ;;;.2 cluster channel block of A, and we have used that block diagonality of h with respect to the single cluster channel implies that [h, pf+ = [h2+, p2+].
IV. CHANNEL SPACE SCATTERING THEORY UTILIZING RESIDUAL HAMILTONIANS
Here we develop a form of channel space scattering theory which will enable further reduction of the hierarchy equations. Because of the nonself adjoint nature of channel space representations, we must consider scattering theory for both vectors and duals, which when combined provides a scattering theory for channel space density matrices. The development is thus more in the spirit of our arrangement channel space scattering theory 17 (and reduces to this theory if only two-clusters channels are considered) rather than conventional two-Hilbert space theories. 18 The statistical mechanical context of this analysis motivates tailoring the scattering theory to a decomposition of the (reduced) channel space Hamiltonian incorporating the residual Hamiltonian. Specifically we define an asymptotic channel space Hamiltonian, Has' by H(12 .. n) = Has (12 .. n) + h(12 ... n). (2) o (12) ,
where 
Has [(1)(2)] =H(1) +H(2), and

V~~
=P 0 )(2)H(12) -H(1) -H(2
=P~~)(2)H(12) +P 0 )(3)H(13) +p(~)(3)H(23) -H(1) -H(2) -H(3), (4.4)
so all of the off-diagonality of H ( 123) is contained in h(123), and Has (123) is still diagonal. However, for n;>4, H!. + is off-diagonal. Specifically, (H!,+) A,B is nonzero whenever A nB #0, reflecting the off-diagonality in the H's describing A -(A nn), and fewer body, dynamics.
We focus on the time-dependent scattering theory here as this most relevant to our statistical mechanical analysis. Henceforth the dynamically disconnected single cluster channel isdroppedfrom all vectors and matrices. Let I"'} (t» and (~} (t) I, respectively, denote H-evolved vector and dual vector wave pulses with channel A asymptotic clustering as t-+ 00. Let IcH (t» and (s} (t) I be "corresponding"
Has -evolved vectors and duals in the sense that these coincide with I"'} ) and (~} I, as t -+ 00, in the Has -interaction
representation. Thus, if I "'AI (t» =e,'H·,t I "'A (t», (~AI (t) I = (~A (t) le-I'H-t,then
l"'A7 (t» -1cf»A7 (t» = Icf»J (0», and (~} (t) 1-(si1 (t) I = (sJ (0) the two-cluster channels (independent of ±), and for A = (1 )(2)(3). For three and more cluster channels (and n;>4), nonzero Icf»}), (sJ I components are in general spread over several channels as dictated by the nontrivial nondiagonal Has -dynamics. Finally, note that definition of channel space S matrices, S ± , follows naturally from the transition probability relations
where S ± = ii +' 0 ± is evaluated between Has eigenstates. The required time-dependent scattering theory for channel space density matrices comes from combining the corresponding theories above for vectors and duals. For an H-evolved density matrix p ± (t), we let Pa~ (t) be the "corresponding" Has -evolved density matrix in the sense that as t -+ 00. Thus we write [cf. defining the Moller-superoperator 0 ± . The form of precollisional Pa~ appropriate for reactive gas kinetic theory will be considered in Sec. V. For that analysis, it is also convenient to set ;fA = [h,A], and define the transition superoperators (cf. Refs. 7, 8, and 16) Finally we remark that a corresponding time-independent theory, based on the the decomposition (4.1), can be developed to obtain scattering equations for energy-labeled forms of 0 ± and ii ± , the T-matrices T ± = hO ± , f ± = ii ± h, and the transition superoperators T ± .25
V. HIERARCHY REDUCTION TO THE BOLTZMANN LEVEL; KINETIC EQUATIONS FOR DIM~R FORMATION AND DECAY
We consider the reduction to "Boltzmann level" of the coupling collision terms on the right-hand-side ofEq. (3.5) for a gas of monomers, dimers, trimers, ... composed of a single atomic species. If only exchange reactions occur (conserving molecular number), then it is appropriate to include only two-cluster, A, binary collision contributions in Eq. (3.5).17 However when recombination and dissociation are present (as is of interest here), then some three (and possibly higher) cluster, A, contributions must be included.
The first step in this reduction exploits the scattering theory of Sec. IV [interpreting time zero there as the "collision time" t in Eq. (3.5)], which allows us to express p(IIA lI,t) = p(t), appearing in the commutator [h,p] on the right-hand-side ofEq. (3.5), in terms of an asymptotic precollisional form. Here the Has -interaction representation,
is used to express p (t), at the Boltzmann level, as .5) i.e., P;' [ ( 1 ) (2) (3) ] evolution incorporates interacting twobody dynamics, so P;' cannot be factorized as (3) ]. Furthermore, assuming that only precollisional Has [ ( 1) (2) (3)] dynamics is achieved (before collision of 1, 2, and 3 with other particles), rather than the stronger and "more conventional" assumption of free three-body asymptotic dynamics, is expected to be much more appropriate where metastable dimer complexes are present. For n>4, it is even more transparent that simple factorization of P!s + is not possible since p!s + is (channel) off-diagonal. Again the assumption of Has dynamics, prior to collision with other particles, is more realistic than assuming asymptotic free dynamics.
We now return to a more detailed analysis of the collision terms l' + Pas which, from Eq. The "traditional" identification of gain and loss terms 27 (the latter typically via a reactive optical theorem) 7,8.16,17 is indicated, and we show below that this is still valid when dissociation and recombination occur. Characterization and analysis of collision terms is naturally divided into three subcases shown below. We show explicitly all examples of dissociation and recombination contributions appearing in the single species rate equations for a system containing only monomers and dimers (a monomer-dimer system). Here (at the Boltzmann level) we only consider two-, three-, and four-atom collisions which have either two-cluster reactants or two-cluster products (or both).
A. Loss terms with two-cluster reactants (Including dissociative loss)
For two-cluster reactants A = (A 1) (A 2), we construct a time-dependent basis of the corresponding (two-cluster noninteracting) Has eigenvectors in which P;' is fully diagonal. Then using the on-shell equivalence of T ± and f ± , and an appropriate reactive optical theorem (cf. 
. .
In the monomer~imer system, the kinetic equations for p [ ( i ) For the two-cluster reactant channels, B = (B 1) (B 2), where Pas is diagonal, these terms assume the conventional form (in a time-dependent diagonalizing Has -eigenvector basis) ( 1 ) (2) (3)] dynamics}. In Appendix C, we show how imposition of a stronger Boltzmann factorization ansatz allows replacement of these diagrams (summed over reactant states) by corresponding "standard" diagrams (summed over free reactant states with factorized density matrices).
In all other three-and higher-cluster recombinative gain terms, separation into gain contributions from specific reactant clusterings is complicated by the chemical off-diagonality of P!. + . For example, in the monomer~imer system, we must Loss and gain terms with both two-cluster reactants and products (e.g., exchange reactions) are described above. Thus here we consider only recombinative loss from three or more cluster reactants (A 1) (A 2) (A 3) ... to various twocluster products (B 1) (B 2), and dissociative gain from varioustwo-clusterreactants (B 1) (B 2) to three or more cluster products (A 1) (A 2) (A 3) equation, are naturally evaluated between free states of (A 1), and a complete set of free or interacting states of (A 2) (A 3) ... , rather than the Has eigenstates required to give a physical interpretation to the T matrix elements (and for implementation of the reactive optical theorem). The need to convert to an Has -eigenvector basis results in this imprecise interpretation, as illustrated by the specific examples below: Imposition of a stronger Boltzmann ansatz allows replacement by sum over the corresponding standard "diagrams" with free reactant states having factorized density matrices (see Appendix C).
• (1); (1)(2)(3)(4)] =4S" [(1)(2)(3)(4)] =4 terms like [T+pas -Pas T-](I)(2)(3)(4),(I)(2)(3)(4) (traced over three atoms). Straightforward interpretation of these terms, individually, is thwarted by the dynamical connectivity of three or four cluster states in the "scattered part" of the Has eigenvectors. However their (collective) contribution to i times rate of change of the (local) 
VI. CONCLUSIONS AND COMPARISON WITH LOWRY SNIDER KINETIC EQUATIONS
For processes involving only exchange reactions, the reactive quantum Boltzmann equations assume a unique and self-evident form. (All reasonable specifications of the chemical composition coincide in this low-density regime.) 16 Heuristic treatment of "direct" recombination and dissociation is probably also adequate. 8 However, since many important processes involve more complicated dynamics (e.g., recombination via gradual stabilization of metastables), one is strongly motivated to provide a rigorous basis for the quantum kinetic theory of such reactive fluids. A basic obstacle here is associated with the difficulty and ambiguity in defining the chemical composition (or identifying atoms and molecules) in such a many-body system. Use of the two-Hilbert space formalism to develop suitable arrangement channel space representations for the quantum mechanics of such systems: (i) naturally provides such a rigorous basis, avoiding the introduction of simplifying assumptions from the outset; (ii) incorporates the intrinsic flexibility of the molecular picture, which will prove useful, e.g., in handling long-lived metastable complexes; (iii) automatically incorporates a workable (and powerful) coupledchannel reactive scattering theory, essential to reduction of the basic hierarchy equations.
Here we have focussed on a monomer--dimer system, where recombination and dissociation, as well as exchange reactions, occur. Such a system has been considered previously by Lowry and Snider (LS) ,8 who obtained closed kinetic equations for the monomer and dimer singlet reduced density matrices (based on certain heuristic assump-I tions). A diagrammatic representation of these equations is provided in Appendix D. It is immediately clear that the arrangement channel hierarchy equations, when reduced as in Sec. V, using the strong Boltzmann Ansatz (of Appendix C), not only produce diagrams in one-to-one correspondence with LS, but also precisely recover the associated combinatorial factors.
One feature to emerge is "chemical off-diagonality" in the density matrices, specifically the P;s+ . This is expected when there is a lack of resolution between precollisional free and bound states (before collision with other molecules), typically associated with the presence oflong-lived metastables. One strategy for analysis of these processes, suggested by LS 8 , is to treat such metastables (specifically those with lifetimes longer than the mean free time l2 ) as separate species. Such a treatment is left for future work but we note here that: the two-Hilbert space formalism can be appropriately adjusted, and a corresponding scattering theory developed; the combinatorics of the arrangement channel space BBGKY hierarchy goes through if we include the possibility of metastable clusters in our enumeration of arrangement channels; the Boltzmann factorization ansatz will now naturally incorporate metastable species density matrices.
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APPENDIX A: GENERALIZATIONS OF ACQM AND CG
CHOICES OF J AND J'
The class of / and / ' satisfying ~A/A = 1, and /~ = 1, for all B, has the following properties: the compo-nents of the physical I"') = /ltP) sum to ItP); all components of the physical dual vectors <; I = <tPl/' are equal to < tPl; the spurious subspace is given by ;={I",}:IAltPA}=O}. Corresponding density matrix components satisfy PA,B ='P A' independent of B, and 1: AP A,B = IAPA = P (so P is chemically off-diagonal, but in a "tri- (B4) and that both these relations hold for S. Clearly a variety of other choices of the / A with similar properties are possible.
Here we choose / ~ to be the orthogonal projector onto Ran(/A) which guarantees that P(A)/8 = O(A),B for L and S. Also choosing S-type /A' this last result for /8' together with the second identity of Eq. (B4), guarantees Eq. (2.7).
APPENDIX C: IMPOSITION OF A STRONGER BOLTZMANN ANSATZ
The required ansatz for further reduction of the channel space recombinative gain and loss, and dissociative gain terms is that Pas (t) = fi~ Po(t)fl~, where O~ =lim'_=F""Oas(t), na~ = lim'_=F""Oas(t)-I, Oas(t) = exp [ (compatible with Ho evolution). The products n ± n~ (fl~ fl ±) constitute intertwining operators between Ho and the full H, and corresponding transition operators are obtained through multiplying by hOC =. H -Ho) from the left (right). These have the same matrix elements for two-cluster bras (kets) as hn± na~ (fl~na~h) which appear in the refined Boltzmann form of the recombinative gain terms in the arrangement channel hierarchy. (One simply notes here that hand h O components with any two-cluster label agree.)
APPENDIX D: LOWRY-SNIDER (LS) KINETIC EQUATIONS FOR DIMER FORMATION AND DECAY
First let channels A denote partitions of n atoms into monomers iEJi, and dimersjkEiiJ', so So(lA /) = n! 2 -D, where D is the number of dimers. The conventional n-particle reduced density matrices, pn ( 12· .. n ), used by LS are normalized analogous to the p ( 12' .. n ). LS show that for an ideal gas, p n (12"'n) = LSo(IA 1)-IIIpl(i) IIpbUk),
wherepb is the dimer singlet reduced density matrix (andpi includes a dimer contribution). This result parallels our specification of normalization of the diagonal components of P ( 12· .. n) (where the So factor is automatically generated from the channel space combinatorics). Specification of the reactive Boltzmann ansatz in both the LS and channel space theories incorporates the So combinatorics. LS derive a coupled pair of kinetic equations for the monomer and dimer singlet species density matrices after assuming that all relevant nonreactive exchange, recombination and dissociation collisions are completed before interaction with other particles, and then imposing the corresponding reactive Boltzmann factorization ansatz. After representing all collision contributions in a natural diagrammatic way, their equations for dfdtp [(1) 
